It has been postulated that a variety of physically undefended marine invertebrates have evolved strategies to control microbial epibiosis chemically. Ecologically meaningful experiments that demonstrate chemically mediated antibacterial effects are difficult due to the small number of cultivable bacteria. Based on the example of three sponges, this study introduces a culture-independent methodology to investigate chemically mediated control of bacterial epibiosis by analyzing the natural bacterial consortia. Organic extracts of sponges were immobilized in hydrogels at tissue level concentrations and exposed to the same source of natural seawater for bacterial colonization. Terminal restriction fragment length polymorphism analysis of polymerase chain reaction-amplified bacterial community DNA obtained from these gels was shown to be a useful tool to study bacterial community shifts in response to sponge metabolites by comparing bacterial ribotypes obtained from the gel surfaces. Several terminal restriction fragments were absent relative to the control suggesting that settlement of specific bacteria was prevented. On the other hand, additional fragments occurred in some treatments, coinciding with higher bacterial abundance evidenced by DAPI counts of bacterial cells, indicating the bacterial utilization of sponge extract components. The advantages of this method are (1) a culture-independent approach, i.e. the assessment of antimicrobial activities against natural bacterial communities, (2) no restriction to particular modes of microbial colonization, i.e. antibiotic and repellant, and (3) the in situ assessment of antimicrobial compounds under flow conditions.
Introduction
Microorganisms and eukaryotic propagules (protists, diatoms and fungi) amount to millions per milliliter natural seawater in temperate geographic zones. Inundated substrata in the marine environment are therefore continuously exposed to ubiquitous colonizers. As a result, complex matrices comprised of bacteria, diatoms and fungi enmeshed in adsorbed organic debris colonize pristine marine surfaces within hours and develop into bio¢lm assemblages within days [1] . In the case of soft-bodied marine organisms (e.g. corals, sponges, and seaweeds), the extent of microbial colonization is in£uenced by the frequent renewal of epithelial layers [2, 3] and host-speci¢c components such as mucus, exudates, and secondary metabolites [4^8] . Bacterial epibiosis can be both bene¢cial and harmful to the host organism (basibiont). Whilst disease and tissue necrosis are obviously harmful [9] , bene¢cial e¡ects such as nurturing the host by nitrogen ¢xation or defense against pathogens are usually less obvious [10^12] . Because sedentary soft-bodied organisms generally lack means of mechanical defense, it has been postulated that they have evolved chemical mechanisms to regulate microbial epibiosis [13^15] . Host metabolites can potentially inhibit or reduce microbial epibiosis by repellent e¡ects (negative chemotaxis) and inhibition of bacterial growth/ attachment. A multitude of antibacterial compounds have been isolated from marine invertebrates [16] and identi¢ed in corals [17^20], ascidians [21] and sponges [22^25] . However, the potent activities of these compounds against human pathogens should not be mistaken as ecologically relevant.
Naturally adapted control mechanisms of microbial epibiosis based on a chemical mode of action appeal to marine chemical ecologists. However, there is a great deal of uncertainty and bias when it comes to suitable experimental designs being able to demonstrate and verify such phenomena in an ecologically realistic fashion. The activities of natural antibiotics and microbial repellents have been conventionally investigated with the standard agar discdi¡usion assay [26] and a spectrophotometric chemotaxis assay [27] . To be ecologically meaningful, both assays rely on the conditions that metabolite concentrations experienced by microbial colonizers in the natural setting are known and can be experimentally mimicked on or near the experimental surface after successful extraction of host allelochemicals. These criteria require the analysis of the distribution of biologically active compounds within the tissue of the producing organism and the extent to which colonizers may come into contact with them. The possibility to measure actual surface concentrations of chemical cues has been demonstrated with sponges [28, 29] and seaweeds [30, 31] . However, in the majority of previous studies concerning host allelochemicals, the criteria of extraction e⁄ciency and metabolite distribution within the tissue were assumed to be appropriately met by adjusting tissue extract concentrations on a volumetric basis equivalent to those in living tissues (generally referred to as 'tissue level concentrations').
Next to other factors that are di⁄cult to mimic realistically under laboratory conditions, e.g. £ow conditions and hydrostatic pressure, it is primarily the choice of microbial test organisms that introduces bias and uncertainty to these assay techniques. Provided a large number of ecologically relevant bacteria are employed, valuable information about potential allelochemical e¡ects of tissue extracts may be deduced. However, due to their isolation history via standard enrichment media, the testing bacteria share similar nutrient requirements and thus only represent an insigni¢cant proportion of the natural diversity of bacteria in the natural habitat [32] . Besides the disadvantage of a culture-dependent technique it remains unclear as to which bacteria are in fact ecologically relevant. Therefore, any results obtained with these methods reveal a fragmented or incomplete picture of chemically mediated control against microbial epibiosis in marine invertebrates.
In this study, we adopted a technique in which crude organic extracts of marine organisms were incorporated into hard, stable hydrogels [33] . These gels were subsequently utilized as substrates for bacterial attachment and colonization by natural bacterial populations. The bacterial community pro¢les on the gel surface were compared by the culture-independent, polymerase chain reaction (PCR)-based molecular ¢ngerprinting technique of terminal restriction fragment length polymorphism analysis (TRFLP) [34, 35] . The rationale for this approach was to overcome the disadvantages associated with a culturedependent technique and moreover, to assess the overall community shifts in response to potential antimicrobial host allelochemicals.
Materials and methods

Collection of sponges and tissue extraction
Three species of sponges were collected by SCUBA divers at 5^10 m depth in a tropical reef south of Sanya, Hainan Province, China. These sponges were identi¢ed by N. de Voogd (Zoological Museum Amsterdam, ZMA) as Pachychalina sp. (Renieridae), Acanthella cavernosa (Dictyonellidae) and Xestospongia testudinaria (Petrosiidae) and voucher samples have been deposited at the ZMA under POR 17355 (X. testudinaria) and POR 17356 (A. cavernosa). The sponges were brought to the water surface in sealed plastic bags. The blot dry weight was measured on board and the tissue volume was determined by water displacement. A reference sample was stored in 96% ethanol for subsequent taxonomic identi¢cation. The chilled sponge tissue was taken to the Sanya Tropical Marine Ecology Station, South China Sea Institute of Oceanology, Chinese Academy of Science, and extracted twice in 1:1 dichloromethane:methanol for 8 h each with gentle agitation. The combined extracts were ¢ltered through Whatman paper ¢lter No. 1 and reduced by rotary evaporation to a concentration that was volumetrically equivalent to one tenth of the original sample tissue (i.e. 10Utissue level concentration).
Antibacterial assays
Antibacterial activities of sponge extracts were investigated by the standard paper disc-di¡usion assay [26] on marine agar with replication (n = 3). Sponge extracts were pipetted onto circular paper discs (Whatman No. 1; disc volume = 20 mm 3 ) to yield tissue level concentrations. For each extract, two experimental discs were incubated on a newly inoculated lawn of bacteria together with a negative control (organic solvent) and a positive control containing 10 Wg of streptomycin. Assays were run at 28 ‡C until bacteria developed a con£uent ¢lm. The observed zones of growth inhibition between the disc and the bacterial lawn were measured to the nearest 0.5 mm. The bacteria under investigation (see Table 1 ), all of which originated from natural bio¢lms of subtropical waters of the South China Sea, were obtained from the culture collection of the Hong Kong University of Science and Technology.
Gel immobilization of tissue extracts
The immobilization of organic tissue extracts was adopted from [33] with slight modi¢cation. Brie£y, known volumes of sponge extract at 10Utissue level concentration were dried by rotary evaporation, leaving a semi-solid crude extract. These extracts were dissolved in the original volume of dimethylsulfoxide (DMSO) and transferred into sterile 50-ml Corning tubes. Gels were prepared by adding Phytagel1 (Sigma Chemical) into a stirred beaker of boiling distilled water to yield a 4% (w/v) gel concentration. After the gel solution cooled to 70 ‡C, the DMSO crude extracts were diluted to tissue level concentration with the liquid gel solution and vigorously mixed to evenly distribute the extract in the viscous hydrogel. Due to the high boiling point of DMSO (189 ‡C) the extract volume remained constant during this procedure. A control was prepared accordingly with pure DMSO. The closed tubes were turned upside down and allowed to slowly solidify in a water bath at 60 ‡C. After 5 min, air bubbles migrated out of the solution yielding a transparent gel cylinder. The cylinders were stored overnight at 4 ‡C for a homogeneous di¡usion of extract components through the gel. Subsequently, cylinders were removed and sliced into 5-mmthick gel discs with sterile razor blades.
Development of bacterial communities on gel discs
The gel discs were pierced with ¢shing line and experimental treatments of each sponge and the control were anchored 10 cm below the water surface in individual 10-l aquaria (one vessel per treatment) continuously supplied with £ow-through natural seawater directly from the ¢eld (coarsely ¢ltered via sand) at a £ow rate of 60 l h 31 . The separation of experimental gels of the same group in individual vessels avoided potential cross-contamination of experiments by water-borne extract components. After 48 h exposure to natural seawater, the discs were harvested in a sterile manner. There were six replicates of each extract treatment and the DMSO control, three of which were ¢xed in 4% formaldehyde in seawater for subsequent bacterial counts; the others were immediately used for the extraction of total bacterial community DNA.
Bacterial counts and extraction of total bacterial community DNA
Bacteria on the gel surface were enumerated after visualization with the DNA-binding £uorochrome 4,6-diamidino-2-phenylindole (DAPI, Fluka Chemie, Switzerland). The formalin-¢xed gel discs (n = 3) were rinsed with distilled water and stained with DAPI at a concentration of 0.5 Wg ml 31 for 5 min at room temperature. Gel discs were wet-mounted and bacterial cells were counted at 1000U in 10 randomly chosen ¢elds of view of known size under an epi£uorescence microscope. In another set of experimental and control gel discs the area on both sides (6 cm 2 ) was completely swabbed with sterile cotton buds for the collection of epibiotic bacteria. Swabs from each gel were individually suspended in 0.8 ml extraction bu¡er (100 mM Tris^HCl, 100 mM EDTA, 100 mM sodium phosphate, 1.5 M sodium chloride, 1% hexadecylmethylammonium bromide; at pH 8) in 2-ml microcentrifuge tubes. To lyse the cells, the samples were subjected to three cycles of freezing and thawing followed by 2 h incubation in 20% sodium dodecyl sulfate at 65 ‡C. Cotton buds were removed and the total DNA was extracted with an equal volume of 24:1 chloroform :isoamyl alcohol followed by precipitation in isopropanol at room temperature for 15 min. The precipitated DNA was washed with cold ethanol and resuspended in 50 Wl of autoclaved double-distilled water and frozen until use.
PCR
PCR of 16S rRNA genes (rDNA) in bacterial community DNA was performed in a total volume of 25 Wl containing 1 Wl of DNA template, 250 WM of each deoxyribonucleotide triphosphate (dATP, dCTP, dGTP, dTTP; Pharmacia Biotechnology, USA), 1 U of DNA Taq polymerase (Amersham Biosciences, USA) and 0.8 WM of each universal primer : 341F (5P-CCTACGGGAGGCAGCAG-3P) and 926R (5P-CCGTCAATTCCTTTRAGTTT-3P) [36, 37] . 926R was labeled at the 5P end with 6-carboxy £uo-rescein. PCR was performed at 95 ‡C for 2 min; 15 touchdown cycles of 95 ‡C for 30 s, 56 ‡C for 3 min and 72 ‡C for 3 min; the annealing temperature started at 56 ‡C and was reduced to 40 ‡C in increments of 1 ‡C cycle 31 ; 10 cycles of 95 ‡C for 30 s, 40 ‡C for 3 min and 72 ‡C for 3 min; and 72 ‡C for 10 min. Ampli¢ed DNA was veri¢ed by electrophoresis of 4 Wl of PCR product in 1.5% agarose in 1UTAE bu¡er.
TRFLP analysis
Fluorescently labeled PCR products were puri¢ed with the Wizard 0 PCR preps DNA puri¢cation system (Promega, USA) according to the manufacturer's protocol. Puri¢ed amplicons were digested with 20 U MspI (Boehringer Mannheim Biochemicals, USA) at 37 ‡C for 6 h. Aliquots of digested products (10 Wl) were mixed with 0.5 Wl of internal size standard (ET550-R, Amersham Biosciences). This mixture was denatured for 2 min at 95 ‡C and immediately chilled on ice before capillary electrophoresis on a MegaBACE1 genetic analyzer (Amersham Biosciences) operated in Genotyping mode. After electrophoresis, the length of £uorescently labeled terminal restriction fragments (TRFs) was determined by comparison with internal standards by using the software 'Fragment Pro¢ler' (Amersham Biosciences).
Statistical analysis
The patterns of TRFs of di¡erent bacterial community DNA samples were subject to non-metric multidimensional scaling (MDS). The Sorenson coe⁄cient was calculated to produce a similarity matrix based on the total number of TRFs observed in all samples and the presence or absence of these TRFs in individual samples. The rank orders of similarity between di¡erent bacterial community DNA samples given in the similarity matrix were used to calculate a two-dimensional ordination. The degree of disagreement between the rank order distances among bacterial communities as displayed by the MDS plot and the real distances as derived from the similarity matrix is de¢ned by the stress value, with stress values smaller than 0.20 leading to an interpretable MDS pattern [38] . Oneway analysis of similarities (ANOSIM) tested for global di¡erences among individual samples. Pairwise comparisons tested for di¡erences between samples when ANO-SIM was signi¢cant. Calculations were performed with the PRIMER v3.1 computer program (Plymouth Marine Laboratory, UK). Bacterial abundances on experimental hydrogel surfaces were compared with a blank control by multiple pairwise comparison (Dunnett's test) at the 95% con¢dence level. Statistical calculations were performed with the SPSS software package, Version 11.
Results and discussion
In this study, the extracts of the sponges Pachychalina sp., A. cavernosa and X. testudinaria were used for a comprehensive analysis of a chemical mechanism to control bacterial epibiosis. Organic tissue extracts were tested by the standard paper disc-di¡usion assay on growth inhibition of 18 potential bacterial colonizers belonging to nine genera in three phylogenetic branches (K-and Q-Proteobacteria, Gram-positives; Table 1 ). We have repeatedly isolated these bacteria from arti¢cial substrata submerged in subtropical waters at di¡erent locations and throughout di¡erent seasons. Therefore, these isolates were assumed to represent the cultivable omnipresent bacterial colonizers in this region. All the bacteria were susceptible to streptomycin to di¡erent extents, but not to the organic extraction solvent. The spectrum of susceptibilities towards the sponge extracts at tissue level concentration ranged from exclusive inhibition of Q-Proteobacteria by X. testudinaria to broad-spectrum inhibition of K-and Q-Proteobacteria as well as Gram-positive bacteria by Pachychalina sp. and A. cavernosa (Table 1) . Some of the bacteria such as Rhodovulum sp., Ruegeria sp., Vibrio halioticoli, and Vibrio £uvialis were recalcitrant to all the extracts. These results suggested that despite their same origin and their presumptive exposure to the same set of bacterial colonizers in nature, the sponges under investigation might have evolved allelochemicals targeting di¡erent types of bacteria.
However, due to their isolation history via the same standard enrichment medium, the bacteria under investigation only represented an insigni¢cant proportion of the total number of bacterial colonizers in the natural reef habitat and did not re£ect the natural bacterial diversity. Therefore, a reliable assessment of the presumptive e¡ects against microbial epibiosis was not warranted based on these data alone. To test whether the control of epibiotic bacteria by sponge metabolites could be examined with a natural community of bacterial colonizers in a culture-in- Table 1 dependent approach, sponge tissue extracts were immobilized in a hydrogel matrix at tissue level concentration and exposed to natural seawater for the development of bacterial communities on the gel surface under conditions of water £ow. Owing to this experimental setup, the treatments (sponge extracts) and controls were assumed to be exposed to the same pool of microbial colonizers, and bacterial community pro¢les on the hydrogel surface were supposed to be characteristically shaped by spongespeci¢c extract components.
Under the combination of PCR primers and the restriction enzyme used in this study, the number of discernible TRFs obtained from the treatments and the control ranged from 10 to 21 (Fig. 1) . In total, 51 TRFs were used to create a similarity matrix based on Boolean character sets (1 or 0) corresponding to the presence or absence of a given TRF in a pattern. Due to the di¡erential ampli¢cation of DNA fragments by PCR (i.e. PCR bias [39] ), the signal intensity of TRFs did not re£ect the actual abundance of the corresponding bacterial types and, therefore, was not considered in the analysis. The ANOSIM of TRFs of bacterial community DNA obtained from the hydrogel surfaces produced a global R value at the signi¢-cance level of 0.1%. The pairwise comparisons between di¡erent experimental groups resulted in the smallest possible level of signi¢cance between individual treatments and the control (Table 2) . Two-dimensional scaling of TRFs of bacterial community DNA obtained from the hydrogel surfaces arranged the replicates of the same treatment in visually distinct groups distant from the control (Fig. 2) . The stress value of 0.11 was a good indication of the con¢dence with which conclusions could be drawn from the MDS ordination.
The bacterial communities obtained from experimental gels were characterized by the absence and the additional presence of certain TRFs (i.e. ribotypes) in comparison to the control, which supposedly re£ected a community of chemically una¡ected bacterial colonizers (Fig. 1) . In order to evaluate the potential of TRFLP analysis as a tool to assess a chemically mediated control of microbial epibiosis on Phytagel surfaces, it was the absence of ribotypes in comparison to the control which was of primary interest for this assessment. The absence of TRFs (e.g. at 250 bp in all the sponge metabolite-a¡ected bacterial communities; at 150 bp in A. cavernosa, at 125 bp in Pachychalina sp. and X. testudinaria) indicated that the corresponding types of bacteria were e¡ectively inhibited by some extracts. However, the absence of a single TRF implied that multiple bacterial species might have been a¡ected by sponge metabolites, because of the inability of TRFLP analysis to resolve bacterial communities at one TRF per bacterial species, regardless of the taxon [39, 40] .
The additional TRFs (e.g. from 200 to 225 bp in Pachychalina sp. and A. cavernosa; Fig. 1 ) in combination with signi¢cantly higher bacterial abundances (Table 3) in these sponge metabolite-a¡ected communities indicated that some extract components were utilized by certain bacteria and thus enhanced the growth/attachment of these bacteria. These observations were not surprising considering the potential nutritious value of the crude organic extracts for resistant heterotrophic bacteria. This enrichment e¡ect confounded the assessment of overall community shifts in response to antibacterial extract components. Since chemical antibacterial e¡ects could only be concluded from the absence of TRFs compared to the control, the potential out-competition of speci¢c bacteria by the attracted heterotrophs did not allow a distinction between antibacterial e¡ects of the host or speci¢cally nurtured bacteria. Moreover, there was also the possibility of concluding false-negative results in the unlikely event that both the susceptible and the enriched bacteria produced identical TRFs. Previously, the immobilization of organic tissue extracts in Phytagel1 has been employed in antifouling assays with macroorganisms, such as marine invertebrate larvae [33] . It was also demonstrated that these gels exhibited excellent retention characteristics (e.g. 50% decrease of extract concentration within 21 days of exposure to seawater) and durability in long-term ¢eld experiments [33] .
Methods for an e¡ective, ecologically relevant evaluation of natural antimicrobial compounds continue to evolve. The methodology studied here may contribute to these developments by providing (1) a culture-independent approach to assess antimicrobial activities against natural bacterial communities, (2) no restriction to particular modes of microbial colonization, i.e. antibiotic and repellant, and (3) the in situ assessment of antimicrobial compounds under £ow conditions. These characteristics may provide useful information to assess the potential of softbodied host organisms, such as sponges in this study, to chemically control bacterial epibiosis. However, the conceptual design of the immobilization of extracts at tissue level concentration rests on the assumption that antimicrobial host metabolites are evenly distributed throughout the host tissue and can be quantitatively extracted. Since these assumptions are based on an idealistic model, the uncertainty as to where a compound occurs in the tissue, how it is deployed, and thus what constitutes an ecologically realistic concentration to be assayed remains open given the present technology. The data shown are mean values of triplicate measurements with pseudo-replication (n = 10) in each replicate. The bacterial surface abundance was statistically evaluated by multiple pairwise comparison against the control (Dunnett's test).
